New pseudo-scalars, often called axion-like particles (ALPs), abound in model-building and are often associated with the breaking of a new symmetry. ALPs' traditional searches and indirect bounds are limited to light axions, typically on the keV range for ALPs coupled to photons. Other, more stringent and model-dependent bounds rely on the coupling to nucleons and electrons. In this work we present bounds coming from colliders in a model independent fashion, as well as the prospects for future colliders. We find that colliders are complementary to existing searches, as they are sensitive to heavier ALPs. We also propose dedicated collider searches to increase the sensitivity to this type of new physics.
I. INTRODUCTION
A long time has passed since the work of Peccei and Quinn [1] , and intense effort has been carried over to look for axions, yet no concrete hint of ALPs has been found. In this paper we present an alternative to the traditional ways of looking for axions, such as helioscopes, by the use of colliders. Colliders can both explore ALP masses beyond helioscopes' capabilities and, in the region helioscopes do probe, provide a cross-check exclusion limit.
In the original formulation, the Peccei-QuinnWeinberg-Wilzcek (PQWW) axion 1 , the scale of the interactions was related to the scale of electroweak symmetry breaking, and hence quite constrained. As this minimal realisation of a QCD axion was set aside, the idea of invisible axions, with interactions suppressed by much higher scales, arose. These invisible ALPs are not harmless, as they leave an imprint in the thermal history of the Universe. Broadly speaking, ALPs interactions are bounded from both sides. If they are too weak, ALPs could be stable and overclose the Universe. If they interact too strongly, they would affect processes such stellar formation. These cosmological/astrophysics limits depend on how well one can identify axions as the sole player in these processes. For example, axions could be diluted by interacting with a hidden sector. Hence, having a variety of ways to look for ALPs provides an additional way of testing these assumptions.
In this paper, we explore a wide range of the ALP parameter space, where interactions and masses violate the symmetry responsible for the ALPs origin. A question that comes to mind, then, is whether it makes sense to rely on symmetry arguments when the symmetry is anomalous or explicitly broken. The answer depends on the ultra-violet (UV) completion of the effective ALP model. For example, the PQ symmetry could be a gauge symmetry in the UV, spontaneously broken and partly Higgssed, leading to a lighter state which obtains a potentialà la Coleman-Weinberg. This paper is organized as follows. In Sec. II we present the Lagrangian of ALP interactions and some benchmark models. We then move onto Collider searches in Sec. IV, and study in a model independent fashion how to set bounds on the coupling of ALPs to photons, gluons and fermions. In the next section, Sec. VIII, we obtain a combined bound on the ALP coupling to gluons and photons using the current LHC dataset, and overlay the predictions for benchmark models. We finalize with proposing new searches at colliders to maximize sensitivity to ALPs in Sec. IX.
II. ALP INTERACTIONS
We will study ALPs coming from the non-linear realization of the spontaneous breaking of a U (1) symmetry, often denoted as Peccei-Quinn (PQ) symmetry, assisted by an explicit breaking which provides masses and non-derivative couplings to the ALP. The effective Lagrangian which describes this situation at low-energies is given by [3] ,
where F µν and G µν are the electromagnetic and QCD field strength tensors and the tilde represents the dual field strength obtained byF µν = 1 2 µναβ F αβ . The dimensionful couplings, g aγ , g ag and g ij a , control the strength of the ALP's interactions with the gauge bosons and fermions. Note that the coupling to fermions can be equivalently written as a Yukawa-type term aψγ 5 ψ via the Fujikawa formula [4] , which amounts for a chiral rotation, ψ → e −iqa/f ψ. In the most general, model-independent case the couplings to photons, gluons and fermions can be considered independent and will be investigated separately in the context of collider physics. In specific models, though, the origin of these terms is linked, as shown in the table for three well-known models. The initial model for the axion, the so-called PQWW axion [1, 5] , is linked to a solution to the QCD theta problem, and is very constrained by data [6] . In the category of invisible axions, we find two popular axion models, DSFZ [7] and KSVZ [8] . In the DSFZ model, which is based on a complex singlet (containing the axion) and a two-Higgs doublet model (2HDM), the parameter x is the ratio of vevs, v u /v d , N g is the number of generations and the options (16, 4) and (x, −x −1 ) depend on whether only H d,u couples to right-handed leptons. In the KSVZ model, besides a complex singlet scalar, new vector-like triple quarks are introduced with electromagnetic charge q Ψ [9] . The value of C e depends on whether the fermion is charged under the global symmetry responsible of the emergence of the axion.
Besides these archetypical examples, axion-like particles abound in the model-building bestiarum, e.g. axions as Dark Matter mediators [10] , axion Dark Matter [11] , axions from the compactification of extra-dimensions [12] or more general situations with multi-axions sector [9] .
III. MOTIVATION FOR HEAVY ALPS
In this paper we show how colliders are sensitive to a wide range of masses, and probe the difficult region of heavy ALPs in the GeV range. Most searches on ALPs have been focused on lighter ALPs based on the expectation of models like PQWW with axions in the sub-GeV range. But this is by no means a general prediction for a pseudo-Goldstone boson, as we discuss in this section.
Obviously, any massive scalar particle with quantum numbers J CP = 0 − would couple in a CP-conserving way as in our original Lagrangian, Eq. 1. So the question is what kind of models would lead to a CP-odd massive particle. In the original QCD-axion idea, the axion is a pseudo-Goldstone boson (PGB), and its mass is tied to the pion mass, i.e. the explicit breaking of chiral symmetry in QCD.
Generically speaking, one would expect that the mass of a PGB ALP would be much below the axion decay constant, f a ., i.e. M a /f a = M a × g a 1. The collider bounds we will set in the next sections are indeed consistent with this expectation consistent with the ALP's origin as a PGB.
To clarify this, let us discuss a toy model raising to heavy ALPs. Assume at some high scale, a theory possesses a global symmetry G, for example a chiral symmetry in a theory of massless fermions, and this global symmetry is broken spontaneously at some scale f . The origin of the breaking could be a new strong sector, under which the chiral fermions transform non-trivially. As a result of the dynamics, the global symmetry G breaks down to a smaller group H, with massless particles associated with this breaking, the Goldstone bosons.
Note that, at this stage we do not know whether the Goldstone bosons are CP-even or CP-odd. This assignment of quantum numbers would depend on how they couple to fermions and how H is embedded in the SM. For example, in Technicolor, the techni-pions [13] would be CP-odd and perfect candidates for ALPs, but in the Minimal Composite Higgs model [14] , the resulting PGBs are CP-even (with the would-be Goldstones CP-odd) and a Higgs candidate. Nevertheless, ALPs are also possible in Composite Higgs models, see for example the model in Ref. [15] and others [16] . Now assume the breaking of symmetry G is related to electroweak physics, so that G/H leads to five degrees of freedom: a composite Higgs doublet and another PGB η. As it is discussed in [15] one can embed the SM such that a is CP-odd and hence an ALP. The Higgs and a remain massless until electroweak interactions are switched on, and at this point the Higgs and a can pick up radiative correction. These can lead to the Higgs to undergo EWSB and η could acquire a mass of the order of
where y f is the Yukawa coupling of fermion f and Λ is the cutoff of the radiative correction, related to the scale of new states in the theory. With f and Λ around the electroweak-TeV scale, the mass of the ALP can be anywhere in the sub-GeV to the multi-TeV region. This ALP from Composite Higgs Models would couple to photons and gluons, but also to W and Z. For example, loops involving SM fermions would lead to couplings of the form
where N f is the number of fermionic degrees of freedom heavier than the ALP, m f > M a , and g is the coupling of the fermion to the photon/gluon/W /Z.
IV. ALPS AT COLLIDERS
As discussed in the previous section, the effective coupling of the ALP to either the gluon or the photon can be parametrised by a dimensionful coupling, g aX (X = γ, g), arising from its coupling to the FF term. One can then envisage the possibility that an ALP may be produced at collider experiments in association with either a photon or a jet. This will allow such a coupling to be probed in a model independent way, as a function of the ALP mass, M a , primarily in the mono-photon/jet + missing energy ( / E T ) channels (see Fig. 1 ), see also [17, 18] These signatures rely on the ALP being long-lived enough to decay outside of the detector volume and indeed ALPs are generally assumed to be so 2 . However, in this model independent parametrisation, large enough values of M a or g aX will, regardless of any other potential decay modes, lead to a decay width large enough to permit the ALP to decay within the detector and yield a tri-X signature, potentially involving a displaced vertex. The sensitivity of collider experiments to such a signals will differ from the / E T signature and depend on the final state. We find the case of 3 photons to have some scope, particularly at linear colliders while the case of a 3-jet final state seems difficult to extract above the large QCD background. Finally, the ALP-gluon coupling provides the interesting possibility that a very heavy pseudoscalar that couples in this way may be observed in dijet resonance searches at the LHC.
We therefore consider the consequences of the choice of the parameter values on the ALP lifetime. The decay width arising from the interaction term in (1) is
where C X is a factor accounting for X's colour degrees of freedom and is 1 for photons and 8 for gluons. We schematically divide the (M a , g aX ) plane into five sections, partitioned by lifetimes corresponding to the age of the observable universe (∼ 10 17 s), 1 s, 1 ns and 0.01 ns. The former two lifetimes are of interest for astrophysical and cosmological bounds while the latter two correspond to the quoted window of sensitivity in a CMS search for an object decaying into two photons with a displaced vertex [20] . ALP lifetimes above 1 ns will lead to clear / E T signatures while those within this window could potentially be observed in displaced-vertex searches. Lifetimes much shorter than ∼0.01 ns are likely to appear as prompt tri-X final states. Figure 2 , selecting the ALP-photon coupling for concreteness, shows the ALP width in eV over the parameter plane, assuming the only possible decay channel is to two photons. The case of gluons will simply differ by a factor of 8. The parameter space is therefore divided approximately into areas where collider constraints will come from missing energy signatures, displaced vertices and its decay products. In reality, the decay length of an ALP produced at a collider experiment will depend on the centre of mass energy. With regards to the potential dijet resonance constraints, the area where the ALP mass to width ratio is greater than 10% is highlighted as such model independent searches tend to assume narrow resonances in their signal modelling [21, 22] .
In both stable and unstable regions, we aim to summarise current and prospective collider limits on this parameter space. These can then be compared with the well known astrophysical and cosmological bounds to assess the region of parameter space in which collider physics can be a complementary avenue to search for ALPs. Our ALP signal was generated using MadGraph5 aMC@NLO [23] from a model implemented in FeynRules [24, 25] . Hadron collider events were showered and hadronised with Pythia 6 [26] and the detector response was simulated with Delphes 3 [27] , which makes use of FastJet [28] .
V. TESTING THE COUPLING TO PHOTONS
The ALP coupling to photons is the primary parameter through which cosmological and astrophysical bounds are set on these objects [29] . In particular, Helioscope experiments such as CAST constrain this coupling up to a certain ALP mass by trying to convert ALPs that may have been produced by the sun into photons via the Primakoff process. Measures of the flux of neutrinos coming from the sun combined with knowledge of its temperature can also place an upper limit on additional energy loss via ALPS and thus place a bound on the coupling. Additionally, surveys of so-called 'horizontal branch' stars in globular clusters also limits the coupling by its correlation with their typical helium burning lifetime. Finally, the characterisation of neutrino fluxes from supernova (SN) 1987a also provides limits [30] . In all cases, the characteristic temperatures of the astrophysical processes along with the suppression of ALP-γ conversion for large ALP masses due to energy-momentum mismatch, kinematically limit their reach as well as our ability to induce and observe a conversion.
Aside from limits involving stellar ALP production, the presence of an ALP in the early universe would also have an effect on the Cosmic Microwave Background (CMB) and Big-Bang Nucleosynthesis (BBN) (see Ref. [31, 32] for excellent reviews). Finally, beam dump experiments are a terrestrial probe with a good sensitivity to ALPphoton couplings. The large photon flux arising from the dump leads to a non-zero probability of conversion into and subsequent decay of ALPs for values of the masses and couplings most similar to our collider sensitivity.
These main constraints, taken from [33] , are replicated in Figure 3 alongside our collider limits. Of all of the bounds, the beam dump experiments exclude a region closest to the collider sensitivities. However, we point out the presence of a clear gap in parameter space between the sensitivities of stellar and BBN limits and that of the beam dump experiment. The fact that the beam dump experiments are sensitive to a particular range of decay lengths for these objects explains the orientation of the exclusion along lines of constant ALP lifetime, also shown in Figure 3 . Conversely, 'extra-terrestrial' considerations tend to be limited largely by kinematics leading to a cut-off in the ALP mass sensitivity independent of the couplings. This opens a triangular region, spanning roughly two orders of magnitude in mass and couplings, that has not been investigated thus far, in addition to the region to the right of the beam dump experiment limits. We will show that future collider experiments could be sensitive to these unexplored regions.
Monophoton signatures: Collider experiments provide a continuous bridge between the eV to KeV reaches of the astrophysical limits and higher MeV to GeV masses. The lighter masses are conducive to a stable ALP and are best searched for in mono-γ + / E T searches. These have been performed at the 7 and 8 TeV runs of the LHC [34] [35] [36] as well as previously at LEP [37] . The limit from electron-positron colliders, having already been determined, was taken from [33] and reproduced in Figure 3 while we reinterpret the LHC analyses in order to constrain the ALP scenario.
In both cases, the analyses required the presence of one high p T , isolated photon and allowed for the presence of one additional soft jet, providing it was well separated from the photon and/or the / E T . Further details of the selection process in both analyses can be found in Appendix A. At hadron colliders, the p T cut is not only useful for suppressing backgrounds but is also necessary for predicting the signal contribution as it provides a hard scale or cut-off to reduce the sensitivity to the PDF uncertainties in the low-x and/or low Q 2 domains. Moreover, it is also required by the presence of an s-channel photon in the partonic process.
The monophoton events were generated with MadGraph5 aMC@NLO, which simulated the processes pp → aγ and pp → aγ + 1 jet at 7 and 8 TeV, matched at a k T distance measure of 25 GeV. It was found that the inclusion of the process with an additional jet matched to the parton shower did not have a large effect on the limits. Some generator-level cuts were imposed on the signal in order to improve the selection efficiency of the LHC analyses, the most important being a p T cut of 120 GeV. Other cuts restricted the partonic rapidities to be closer to the detector angular acceptances and limited the distance paramater δR = δη 2 + δφ 2 < 0.3 between photons and jets to comply with the isolation requirement and the acceptance conditions of an additional jet. Events showered and hadronised with Pythia were passed through Delphes using default CMS and ATLAS cards modified to match the photon isolation cones and distance parameters of the jet finding algorithm. The cross section resulting from parton shower and matching procedures for the signal multiplied by the selection efficiency of each analysis can then be computed as a function of M a and g aγ . In fact, the range of couplings to which current collider analyses are sensitive ensure that the ALP only remains collider-stable up to sub GeV masses. This means that relevant production cross sections for missing energy searches can safely assume the ALP mass to be negligible with respect to the typical energy scale of the process, set by the photon p T or the / E T cuts. Moreover the leading order matrix element→ aγ does not depend on the centre of mass energy,ŝ, up to kinematical effects proportional to 1 − M 2 a /ŝ. This removes the mass dependence and leads to a direct constraint on g aγ that scales with the integrated luminosity. For the 7 TeV analyses, the observation of 73(116) candidate events compared to a background expectation of 75.1±9.5(137±18 stat. ± 9 syst. ) for CMS(ATLAS), dominantly arising from Z → νν + γ, leads to a combined limit on g aγ of 4.3 × 10 −4 GeV −1 . This combination was obtained by defining a χ 2 measure
where N S , N B and N obs are the expected number of signal events as a function of g aγ , the expected number of background events and the observed number of events respectively while δN B denotes the systematic uncertainty of the background prediction. The sum over 'exp' denotes the two analyses of CMS and ATLAS. The value of the coupling for which χ 2 equals 3.841 was taken as the 95% or 2-σ exclusion for one degree of freedom. In the 8 TeV analysis [36] , model independent limits on the cross section times acceptance, σ × A, were provided as a function of the cut on p γ T . The most stringent limit was set by the signal region with p γ T > 250 GeV. The purple and cyan shaded areas of Figure 3 reflects the 7 and 8 TeV limits in the (M a , g aγ ) plane respectively. In this representation, as in the forthcoming prospective LHC limits, the collider stability condition is conservatively imposed by demanding that the decay length of the ALP exceed the radius of the ATLAS calorimetry system (4.23 m) [38] . A mild mass dependence enters in the relationship between the laboratory frame lifetime and the proper lifetime calculated from Equation (4), taking into account the typical energy and hence the velocity of the ALP, set by the p γ T cut used in the experiment. We see that the sensitivity of the 7(8) TeV analyses are roughly equivalent to (slightly worse than) the previously set LEP bounds, which makes use of a much cleaner environment suffering fewer sources of systematic errors. The large loss in acceptance due to the tighter pseudorapidity requirement on the photon along with the larger backgrounds are the main sources of the loss in sensitivity going from 7 to 8 TeV. Ultimately, since the production rate is insensitive to the partonic centre of mass energy, hadron collider predictions will depend on theparton luminosity and the integrated luminosity collected. A more tailored analysis at 8 TeV may help to improve current bounds.
It is interesting to also consider the prospective reach of the high energy stage LHC will the full integrated luminosity of 3 ab −1 . In this case, we obtain an order of magnitude estimate of the sensitivity by specifying the required coupling to yield 10 signal events, given that the 7 TeV analyses were sensitive to O(20) signal events. Since we have not calculated the background predictions for this analysis, it is unclear what kind of p T cut or selection criteria will be used in the eventual analysis. We therefore plot the required couplings, on Figure 3 , for a number of parton-level p T cuts on the photon. These suggest that roughly two orders of magnitude of sensitivity might be gained with the full dataset.
A similar, but simpler, exercise can be performed for future e + e − colliders and their ability to access the ALP-γ parameter space analogously to the LEP limits. By virtue of the independence of the partonic matrix element to the centre of mass energy (fixed for e + e − colliders), up to kinematic effects, as long as the ALP remains effectively massless within the range of accessible coupling values the sensitivity of these experiments depends only on the integrated luminosity collected. This makes a case for considering even low energy collider experiments like Belle II in addition to the usual TLEP and ILC experiments. In these cases, we also plot the parameter values required to generate 10 signal events using 50, 10 and 1 ab −1 [39] [40] [41] at centre of mass energies of 10.6, 1000 and 240 GeV for Belle II, TLEP and the ILC respectively. These are also shown in Figure 3 and represent the best prospects, purely due to the larger integrated luminosities. In these cases, we have continued the lines beyond the collider-stability limit, firstly to highlight the emergence of the kinematic effects but also to hint that such experiments may be able to observe the aforementioned triphoton signatures in relatively background free situations. The details of these kinds of analyses in the context of ALPs will now be addressed in our reinterpretation of LEP results.
Overall, existing collider data seems constrain g aγ to values around 10 −3 GeV −1 while upcoming and future experiments may be able to reach values of order 10 −6 . Most importantly they begin to cover area of parameter space previously untested by astrophysical considerations in a way that is insensitive to the modelling uncertainties that may exist with respect to star formation and solar structure etc. This is the region currently spanned by the beam dump limits, with which current collider searches are as yet unable to compete, except for in a small portion of the shorter lifetime region to the right of the excluded region. Future prospects in the high energy LHC run and various electron-position machines will advance into the untested region either side of the beam dump exclusion and complement other experiments in providing complete mass coverage down to the SN 1987a constraint.
Tri-photon signatures:
Moving away from the mono-γ + / E T signature, the case where the ALP may promptly decay into a pair of photons, corresponding to a complementary region of (M a , g aγ ) space, also warrants consideration. A number of LEP analyses exist on two and three photon final states testing both anomalous decay modes of the Z in the case of LEP 1 and QED predictions in that of LEP 2. The CDF collaboration also performs a search for the anomalous production of a pair of photons in association with a number of additional particles, of which one possibility is an extra photon [42] . This search mode is a subset of those proposed to search for technipions, which also come under our broad definition of ALPs [43] [44] [45] [46] . The analysis using the largest integrated luminosity was used for each LEP run, guided by the discussion above. We reinterpret the analyses by generating the triphoton signal at parton level and replicating the selection process as closely as possible. Since a simple three photon final state at an e + e − collider should be relatively clean, we do not expect there to be a big difference in the signal acceptance if we were to include a simulated detector response and ISR effects. At the Zpole, the analysis chosen was by the L3 experiment [47] , while the higher energy run with the highest integrated luminosity came from DELPHI [48] .
Precise details of each selection can be found in Appendix B but they can be generally summarised as requiring a pair of isolated, well identified photons above a certain energy threshold within an angular acceptance accompanied by a third photon with the same requirements in the CDF analysis and slightly relaxed energy and isolation requirements in the LEP case. Some additional requirements on the three photon selection, optimised for discriminating particular signals, were imposed in each LEP experiment. Namely, for L3 a higher energy requirement (E 3 > 0.125 √ s) was made on the third photon along with a more stringent demand that all photon events be central while for the DELPHI analysis, the event was required to be planar, meaning the sum of the angles between the photons should be close to 2π. The latter requirement was automatically satisfied by our parton level signal.
An important factor in these analyses is the angular isolation requirement on the observed photons. If M a is small compared to √ s, the diphoton system from the ALP decay will be highly boosted from carrying half of the centre of mass energy, corresponding to a velocity factor of β = 1 − 4M 2 a /s. This will result in a highly collimated pair of photons in the laboratory frame that will almost certainly fail the isolation conditions. This means that, in this channel, a given experiment is only sensitive to ALP masses around its centre of mass energy, where the ALP is produced close enough to rest that its decay products remain sufficiently separated. This is reflected in the narrow mass windows over which each search sets bounds in Figure 3 . The limits were found in a similar way to the monophoton case comparing the 7(7) observed events to the background expectations of 7.1 ± 0.7(9.6 ± 0.5) for the L3(DELPHI) analyses. CDF observed 4 events compared to an expectation of 2.2±0.6. The signal excluded at 95% Confidence Level (CL) was determined by a test of the signal hypothesis against the background only hypothesis assuming that the observed number of events formed a Poisson distribution as a function of the expected number of events of a given hypothesis. The critical region was defined as the region in which a the signal hypothesis yielded up to N observed events. Systematic errors were also marginalised over by integrating over potential fluctuations weighted by a gaussian centred at 0 with standard deviation equal to the systematic uncertainty. The similar sensitivities in terms of the coupling g aγ of the mono and triphoton searches reinforce the fact that future e + e − colliders will be able to observe ALPS in both final states, albeit in a narrow, collider-dependent mass window for the triphoton case.
Displaced vertices: In the region of lifetimes between prompt decay and collider-stable, one could potentially look for displaced vertices. In the mass range of interest, the ALP would decay into two close-by photons, leading to a signature of a displaced photon (from the merging of the ALP's decay products) in association with a prompt photon. There are currently no searches sensitive to this signature, but it may be possible that LHC13 would be able to look for them. Moreover, if the ALP decay length is such that no sizeable deposition on the electromagnetic calorimeter is left, this configuration could revert to the mono-photon plus missing energy situation described before.
VI. TESTING THE COUPLING TO GLUONS
Assuming the same parametrisation of the ALP interactions of the previous section but applied to ALP-gluon interactions, a similar exercise can be performed to determine collider sensitivities to ALP production in association with a jet. Here, existing 8 TeV LHC analyses were used to set limits in the parameter plane. The process is more involved than the monophoton one owing to the large number of diagrams contributing to the process and the coloured final state. Of all of the possible diagram topologies involving both quark and gluon initial and final states, the dominant diagram was found to be gg → a g. The presence of a jet in the final state motivated a detailed study including parton shower and hadronisation effects, as in the monophoton case. Events for the process pp → aj were generated for the 8 TeV LHC, where we observed the mass independence of the signal in the regions of couplings for which the ALP remained collider stable. Given the factor 8 increase in the decay width of the ALP into gluons due to the colour degrees of freedom, the collider stability limit is reached earlier compared to photon decays.
The generated events were passed through the selection procedures of the latest CMS [49] and ATLAS [50] monojet analyses which are summarised in Appendix B. In both cases a basic monojet selection is performed, requiring exactly one hard jet and vetoing events containing leptons or a second jet above a low p T threshold. The events are categorised into several signal regions defined by a / E T cut ranging from 120 to 550 GeV. Figure 4 shows the excluded regions in parameter space of the CMS analysis for each signal region showing a sensitivity to couplings of order g ag ∼ 10 −4 GeV −1 . In the region of heavier ALPs, with the ALP decaying near the interaction vertex, one would require a dedicated search looking for a signature of three jets, with two of them reconstructing a resonance [51] . An interesting alternative would also be the case where the ALP is produced on-shell via gluon-gluon fusion and subsequently decays into a pair of jets. We attempt to assess the sensitivity of such searches to high-mass ALPs by considering limits on the cross section × acceptance × branching ratio imposed by a search for dijet resonances by CMS [21] . This was done by computing the production cross section times the branching ratio as a function of ALP mass and coupling, multiplying by the quoted approximate acceptance factor of 0.6 and comparing with the excluded cross section provided. Limits are given in Figure 4 , showing a limited sensitivity to couplings of order 10 −3 GeV −1 in a range of masses between 1-3 TeV. As mentioned in the beginning of this section, the experimental search targets resonances narrower than the dijet mass resolution. We therefore choose to limit the capabilities of this search to ALP widths below 10% of the mass as reflected by the orange region in the upper corner of the figure.
VII. TESTING THE COUPLING TO QUARKS AND LEPTONS
ALPs coupling to quarks and electrons are tightly bounded by astrophysical constraints, mainly in the low mass region, and also from beam-dump experiments [33] . Flavour-violating ALP couplings are also tightly constrained by low-energy data, see for example Ref. [52] . Colliders have the potential of reaching larger mass regions. Unfortunately, the small fermionic couplings are challenging. The coupling of ALPs to fermions is of the order of the fermion mass, hence the branching ratio to fermionic states is typically suppressed by a factor (m f /M a ) 2 . We therefore don't expect any effects that would surpass the sensitivity of our considerations in this work.
Searches at hadron machines for dijet resonances from→ a →may be sensitive to masses above the TeV, and only be sensitive as long as the ALP remains narrow. In lepton machines as ILC or TLEP, the search for resonant behavior in dileptons is more hopeful, bearing in mind that there is a large continuous background to overcome.
VIII. COMBINED LIMITS AND MODEL-DEPENDENT CORRELATIONS
In this section we combine constraints from both monophoton and monojet signatures, see Fig. 5 . We have performed a chi-squared fit to the ALP constraints from these signatures, with the couplings as parameters. To do this, we exploit the fact that these searches are sensitive to low ALP masses, and largely independent of the value of M a , up to values of 10 − 1-10 − 2 GeV. In specific models, there are relations between the ALP coupling to photons and gluons, and these can be exploited to set stronger bounds. In the same figure, we show the correlations which appear in the benchmark models described in the first section, PQWW, KSVZ and DFSZ. The green region correspond to varying the value of |q Ψ | from 1/3 to 2, and the lines in DSFZ correspond to choosing either option for the coupling of the righthanded leptons. As one can see from the figure, the gluon coupling is constrained more tightly that the photon.
IX. IMPROVING SEARCHES FOR ALPS AT COLLIDERS
So far we have based our limits and future prospects on existing searches, namely mono-X, dijet and tri-photon signatures. It is possible that existing data may be more sensitive to the presence of ALPs coupling to either photons and/or gluons if more dedicated searches were performed. This is particularly true for the non-collider stable region of parameter space where the ALP decays within the calorimetry yielding a tri-X signature with two photons or jets potentially coming from a displaced vertex. The background predictions for three photons have been calculated in various works at NLO (see, for example, [53, 54] and references therein) and as such, a study could be performed to assess the scope of the LHC to constrain ALPs form this angle.
As explained in our reinterpretation of the LEP triphoton searches, the production of an ALP with any appreciable boost will lead to a collimated decay products which could potentially be interpreted as a single photon or jet. ALP signatures of this kind would mimic di-X searches and models may be constrained by reinterpreting Higgs to di-photon searches, while the di-jet case seems out of reach. An example of this kind of boosted di-photon topology exists in an ATLAS analysis searching for the decay of the SM Higgs into two light pseudoscalars that subsequently decay into a boosted pair of photons [55] . A similar analysis targeting ALP production could be imagined. Finally, a three jet or photon final state could lend itself to a displaced vertex study. Currently, such analyses in those particular final states do not exist and could help to constraint the narrow parameter region in which the displaced vertex assumption is valid.
X. CONCLUSIONS
Traditional searches for Axion-like particles (ALPs) span orders of magnitude in ALP interaction strength but have to focus on the low mass region. In this paper we have shown how present and future colliders are able to cover the low mass region and extend the sensitivity to larger masses until the TeV range.
We have studied limits on ALPs in a modelindependent fashion, by switching on one type of coupling at a time. We presented current collider bounds using an array of searches involving photons, jets and missing energy. We also estimated the sensitivity of future colliders to ALPs. We found that there is a complementarity between colliders and other searches but, more importantly, future colliders will be able to close a region of the parameter space which would be inaccessible to, for example, helioscopes and existing beam dump experiments.
We also performed a model dependent combination of signatures involving the coupling to gluons and photons, illustrating the gain of studies within specific models.
We also suggested ways for colliders to increase their sensitivity using a combination of techniques, including displaced vertices and boosted photon pairs.
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• Non-vetoed jets should satisfy ∆R(j, γ) > 0.4 and ∆φ(j, / E T ) > 0. 
Vetos
• More than one additional if p T > 30 GeV with ∆R(γ, j) > 0.5
Selection
• One isolated photon within a cone of ∆R=0.3, H/E < 0.05 within |η| < 1.442
• / E T > 140 GeV, ∆φ( / E T , γ) > 2.
• p T > {140,160,190,250,400,700} GeV
CMS

Trigger
Option 1
• / E T > 120 GeV Option 2
• 1 jet with p T > 80 GeV |η| < 2.6
• / E T > 105 GeV
Vetos
• More than two jets with p T > 30 GeV and |η| < 4.3
• A second jet with ∆φ(j 1 , j 2 ) > 2.5
• Well reconstructed electrons or muons with p T > 10 GeV
• Well reconstructed taus with p T > 20 GeV and |η| < 2.3
Selection
• Hardest jet with p T > 110 GeV and |η| < 2.4
• / E T cut for each signal region
Signal region SR1 SR2 SR3 SR4 SR5 SR6 SR7 / E T cut [GeV] 250 300 350 400 450 500 550
ATLAS
Trigger
• / E T > 80 GeV
Vetos
• Any jet with p T > 20 GeV and |η| < 4.5 with anomalous charge fraction, electromagnetic fraction in the calorimeter or timing
• More than two jets with p T > 30 GeV and |η| < 4.5
• A second jet with ∆φ( / E T , j) > 0.5
• Reconstructed electrons with p T > 20 GeV |η| < 2.47
• Reconstructed muons with p T > 7 GeV |η| < 2.5
Selection
• / E T > 120 GeV
• at least one jet with p T > 120 GeV and |η| < 2 
